Epstein-Barr virus (EBV) is a DNA tumor virus responsible for 1 to 2% of human cancers including subtypes of Burkitt's lymphoma, Hodgkin's lymphoma, gastric carcinoma, and nasopharyngeal carcinoma (NPC). Persistent latent infection drives EBV-associated tumorigenesis. Epstein-Barr nuclear antigen 1 (EBNA1) is the only viral protein consistently expressed in all EBV-associated tumors and is therefore an attractive target for therapeutic intervention. It is a multifunctional DNA binding protein critical for viral replication, genome maintenance, viral gene expression, and host cell survival. Using a fragment-based approach and x-ray crystallography, we identify a 2,3-disubstituted benzoic acid series that selectively inhibits the DNA binding activity of EBNA1. We characterize these inhibitors biochemically and in cell-based assays, including chromatin immunoprecipitation and DNA replication assays. In addition, we demonstrate the potency of EBNA1 inhibitors to suppress tumor growth in several EBV-dependent xenograft models, including patient-derived xenografts for NPC. These inhibitors selectively block EBV gene transcription and alter the cellular transforming growth factor- (TGF-) signaling pathway in NPC tumor xenografts. These EBNA1-specific inhibitors show favorable pharmacological properties and have the potential to be further developed for the treatment of EBV-associated malignancies.
INTRODUCTION
Epstein-Barr virus (EBV) is a human gammaherpesvirus that establishes lifelong latent infection in more than 90% of the adult population [reviewed in (1) (2) (3) (4) ]. Latent EBV infection is the causative agent of a wide range of human cancers of epithelial, mesenchymal, and lymphocytic origin, including forms of Burkitt's lymphoma, nasopharyngeal carcinoma (NPC), Hodgkin's lymphoma, gastric carcinoma, and angiocentric T/natural killer cell lymphoma (2, 5) . During latency, EBV expresses a limited set of genes that stimulate cellular proliferation and promote survival of the latently infected host cell. Although clinically available inhibitors of herpesvirus DNA polymerases, such as acyclovir and phosphonoacetic acid, have partial inhibitory activity against EBV lytic replication, no existing pharmacological agent selectively targets EBV latency. Chief among the latency genes is Epstein-Barr nuclear antigen 1 (EBNA1), which is consistently expressed in all EBV-positive tumors (5) (6) (7) . EBNA1 is a sequence-specific DNA binding protein that binds to the viral origin of plasmid replication (OriP) and is required for viral DNA replication and episome maintenance during latent infection in proliferating cells (8, 9) . EBNA1 also confers transcriptional control of viral latency genes and enhances infected cell survival and immortalization of primary B lymphocytes (6, 10, 11) . The DNA binding domain (DBD) is required for all known functions of EBNA1. The three-dimensional (3D) structure of EBNA1 bound to its cognate DNA sequence has been solved by x-ray crystallography, showing structural homology to related viral proteins, including human papillomavirus (HPV) E2 and Kaposi's sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen (LANA), but not to human proteins (12, 13) . The crystal structure also revealed considerable opportunity for the development of small-molecule inhibitors that block EBNA1 DBD function.
RESULTS

Crystal structures of fragments bound to EBNA1 reveal a pocket important for DNA binding
To develop selective small-molecule inhibitors of EBNA1, we used a fragment-based approach to identify starting points for medicinal chemistry (14) . One thousand five hundred fragments from the Maybridge Fragment Library were docked into a DNA binding region using Molegro (CLC bio). One hundred fragments of the in silico hit compounds were selected, pooled in groups of five, and soaked into EBNA1 crystals. We observed at least one compound in 18 datasets and categorized these fragments into binding sites 1 to 4 (Fig. 1A) . The high resolution of the x-ray diffraction datasets facilitated the identification of specific fragments in the crystal structures. None of the compounds bound in the site predicted by the docking algorithm. Site 1 contained five fragments that bound in a shallow region at the DNA interface; site 2 contained 12 fragments that bound to a region that also makes critical contacts with the DNA; site 3 contained one fragment in close proximity to the dimer interface; and site 4 contained two fragments that were distant from the DNA binding surface.
Several features of the site 2 fragments made them attractive for further medicinal chemistry work (Fig. 1B) . All fragments contained 2 of 13 a five-or six-membered ring that occupied a deep hydrophobic pocket in EBNA1. Ten of the 12 fragments contained an acidic moiety (either a carboxylic acid or tetrazole) that made hydrogen bond contacts with Asn 519 and Thr 590 . Superimposing the DNA bound structure revealed that these residues make critical interactions with the DNA backbone (Fig. 1, A and B) . We predicted that an acidic group at that position would sterically interfere with the ability of EBNA1 to bind the DNA phosphate. We noted that fragments containing nicotinic acid and benzoic acid overlapped in both the hydrophobic and acidic regions. We therefore merged these two fragments, the 5-phenylacetylenyl nicotinic acid (VK-0044) and 2-pyrrolo-benzoic acid (VK-0064), to create 2-pyrrolo-3-phenylacetylenyl benzoic acid (VK-0497) (Fig. 1C) .
The activity of these fragments was measured in biochemical assays for inhibition of EBNA1 DNA binding. We first used a high-throughput ALPHA proximity DNA binding assay with Histagged EBNA1 linked to nickel donor beads and biotinylated DNA linked to streptavidin-coated acceptor beads (Fig. 1D ). When the complex between EBNA1 and DNA was challenged with an inhibitor, we observed a loss in signal emitted from the acceptor bead. The merged fragment was found to have >10-fold increase in potency relative to the individual fragments and reached submicromolar activity. The counterscreen assay with His-tag LANA binding to its cognate DNA sequence demonstrated ~60-fold selectivity (Fig. 1D) .
We determined the cocrystal structure of VK-0497 and observed complementarity between the shape and charge distribution of the inhibitor and the EBNA1 pocket ( Fig. 2A, fig. S1 , and table S1) (15) . EBNA1 forms a concave surface around VK-0497 with the central phenyl ring in a deep hydrophobic pocket. The acetylene threads the molecule from this pocket through a tunnel bounded by the aliphatic side-chain atoms of Lys 586 to a solvent-exposed region. We observed two cation- interactions that sandwich the electron-rich pyrrole between two lysine residues, Lys 477 and Lys 586 . Lys 477 , Asn 519 , and Thr 590 formed a network of hydrogenbonding contacts with the carboxylic acid.
With respect to medicinal chemistry, the high electron density of the pyrrole ring found in VK-0497 is a metabolic liability. Therefore, we replaced the pyrrole ring with a 6-indolyl group (VK-0941). We developed a DNA-independent competition assay using a biotinylated version of VK-0941 (VK-2114) as a reference probe in an ALPHA assay with EBNA1 (Fig. 2B) . Nonbiotinylated VK-0941 displaced 
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VK-2114 binding to EBNA1 with an IC 50 of 0.927 M. On the basis of the structure of VK-0941 bound to EBNA1, a region beyond the phenyl acetylene became the focus of further medicinal chemistry optimization. Two attractive compounds, VK-1248 (oxy-4-tetrahydropyran) and VK-1760 (oxy-4-tetrahydrothiopyran-dioxide), had IC 50 values of 0.388 and 0.713 M, respectively, in the ALPHA assay. Both were shown to bind EBNA1 similarly to VK-0941 by x-ray crystallography (figs. S2 and S3). VK-1760 makes additional productive contacts with Asn 480 and Arg 491 , which may account for increased binding affinity.
We next validated EBNA1 inhibitor binding using various orthogonal biochemical assays. We determined the affinity of compounds with immobilized EBNA1 using surface plasmon resonance and characterized binding kinetics for VK-1760 with a K d (dissociation constant) of 2.5 M and k off of 0.0053 s −1 (figs. S4 and S5). The direct binding of VK-1248 was also demonstrated using ITC, which revealed a K d of 1.4 ± 3.0 M (Fig. 2C) ; this binding is primarily driven by enthalpic terms with a H° of −31.5 ± 2.3 kJ/mol, a S° of 6 kJ/mol K, and a ~1:1 stoichiometry. Last, using HSQC NMR experiment and 15 N-labeled EBNA1 protein, we observed direct binding of VK-0497 and VK-0941 to EBNA1 (Fig. 2D and fig. S6 ). Upon inhibitor addition, we observed chemical shifts in the spectra (red) relative to the absence of ligand (black) with changes in asparagine or lysine residues consistent with our x-ray crystallography data.
EBNA1 inhibitors are active in cell-based assays
For cell-based assays, the carboxylic acids in VK-1248 and VK-1760 are known to limit cell penetrance (16) and were therefore converted to their prodrug methyl esters VK-1727 and VK-1850, respectively (Fig. 3A) . Prodrug methyl esters can be readily converted to the acid form by cellular esterases (17) . VK-1727 and VK-1850 were tested for activity in cell proliferation assays measuring 5-bromo-2′-deoxyuridine (BrdU) incorporation and found to selectively inhibit proliferation of EBV-positive cells but not similarly growing EBV-negative cells (Fig. 3B and data file S1). Similar selectivity was observed using a resazurin assay that measures cellular metabolism ( Fig. 3C and fig. S7 ). The acid versions of these compounds, VK-1248 and VK-1760, had no measurable activity in these cell-based 
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assays ( fig. S8 and data file S2). We next assayed VK-1727 and VK-1850, along with their acid analogs VK-1248 and VK-1760, for their ability to inhibit EBNA1-dependent DNA replication from an OriP-containing plasmid (Fig. 3D) . We observed that methyl esters VK-1727 and VK-1850 were potent inhibitors of EBNA1-dependent OriP DNA replication, whereas corresponding carboxylic acids VK-1248 and VK-1760 had only partial inhibitory activity, as expected ( Fig. 3E and data file S3) . None of the compounds decreased EBNA1 protein expression (Fig. 3F) . To determine whether compounds were interfering with EBNA1 DNA binding function in vivo, we performed a chromatin immunoprecipitation (ChIP) assay in an EBV-positive NPC cell line, C666-1 (Fig. 3G and data file S4).
Treatment with 30 M VK-1850 significantly (P < 0.01) reduced EBNA1 binding to the viral dyad symmetry (DS) and other EBNA1 binding sites, including the EBV Qp and cellular binding site at the PITPNB gene within 1 hour of treatment (Fig. 3G) . As expected, no EBNA1 binding was observed at the negative control region OriLyt.
EBNA1 inhibitors block EBV tumor growth in vivo
To assess the efficacy of EBNA1 inhibitors in vivo, we used several different EBV-dependent xenograft models: one lymphoma model [lymphoblastoid cell line (LCL)], one NPC cell line (C666-1), and two NPC patient-derived xenograft (PDX) models (C15 and C17) (Fig. 4) for times ranging from 1 to 72 hours. P values were determined by two-tailed Student's t test for three biological replicates. *P < 0.01. IgG, immunoglobulin G. (18, 19) . We first used an EBV-positive, bioluminescence-based mouse model using an LCL-expressing green fluorescent protein (GFP)-luciferase transgene (designated M14). M14 cells were engrafted into the flanks of NSG-SCID (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice, and tumor size was monitored by both bioluminescence and caliper measurements (Fig. 4, A to C) . VK-1727 and VK-1850 (10 mg/kg, intraperitoneally) provided significant (P < 0.0001) tumor growth inhibition (TGI) (88.3 and 91.3% TGI, respectively) compared to vehicle control (Fig. 4 , B and C). For the NPC models, we used the C666-1 cell line (Fig. 4D ) and two patient-derived tumor lines, C15-PDX ( Fig. 4 , E and F) and C17-PDX (Fig. 4 , G and H). C666-1 cells were injected into the flanks of mice, whereas PDX tumors were serially transplanted in mice and allowed to grow to palpable size before drug treatment. Treatment with VK-1727 and VK-1850 (10 mg/kg) provided significant (P < 0.0001) TGI for all NPC models, showing 67 and 70% TGI, respectively, for C15-PDX (Fig. 4F ). Prolonged survival was demonstrated for treatment of C17 ( Fig. 4H ) and M14 ( Fig. 4I ) with VK-1727 or VK-1850 (10 mg/kg). EBNA1 inhibitors did not affect an EBV-negative A549 tumor growth (Fig. 5) , indicating selectivity for EBV-infected tumors.
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EBNA1 inhibitors have therapeutic potential
Clinically, NPC tumors are treated initially with -irradiation (IR), followed by cisplatin and 5-fluorouracil (5-FU) (20) . We found that VK-1850 provided more robust TGI for C15-PDX and C17-PDX tumor relative to weekly treatment with 4-Gy IR and further reduced tumor growth when combined with IR ( ). We also found that the prodrug methyl ester VK-1850 is efficiently converted to active acid VK-1760 and accumulates in NPC tumors, indicating a favorable pharmacological profile ( Fig. 6D and fig. S11 ). Prolonged treatment (8 weeks) of EBV-positive Akata or M14 led to a decrease of 40 to 70% of the EBV copy number relative to untreated controls (fig. S12A and data file S5). Response to EBNA1 inhibitors was essentially unchanged after long-term treatment of EBV-positive Akata cells and diminished by ~5% in M14 (fig. S12B and data file S6). These findings suggest that EBNA1 inhibitors reduce EBV DNA copy number without causing drug resistance.
EBNA1 inhibitors affect the expression of viral and cellular genes in vivo
To understand the effects of EBNA1 inhibition on cellular and viral gene expression, we isolated RNA from residual tumor material upon completion of the C15-PDX experiment and submitted them for gene expression analysis ( , and mitogenactivated protein kinase (MAPK) were also affected by EBNA1 inhibitor treatment (Fig. 7C, fig. S13 , and data files S7 and S8). The time-dependent effect of VK-1850 was measured by Epstein-Barrencoded RNA (EBER)-in situ hybridization (ISH) on M14 tumors at days 1 to 10 and revealed a strong reduction in EBER signal in drug-treated tumor tissue sections by 3 and 6 days after treatment (Fig. 7D) . Collectively, these results suggest that pharmacological inhibition of EBNA1 has rapid and profound effects on EBV and cellular gene expression, correlating with loss of EBV genomes and a suppression in EBV-driven tumor cell growth pathways.
DISCUSSION
Latent infection with EBV results in the expression of viral genes that can drive cellular proliferation and oncogenesis. EBNA1 has been recognized as an attractive target for elimination of latent infection and treatment of EBV-associated disease because of its role in the immortalization of primary B lymphocytes, the stable maintenance of the EBV genome during latent infection, and its universal presence in EBV-positive tumors. Others have also developed methods, both biological and pharmacological, to target EBNA1 to treat EBV-associated disease (21) (22) (23) (24) (25) (26) . Interrogation of the crystal structure of the EBNA1 DBD with a fragment-based approach revealed a vulnerable surface within its DNA binding interface, enabling us to develop a series of inhibitors of EBNA1 DNA binding activity that have high potency in biochemical inhibitor assays and high selectivity in multiple cell-based assays. Xenograft studies using EBV-positive NPC and LCLs have shown that these EBNA1 inhibitors successfully inhibit tumor growth and expression of EBV RNA, affect multiple cancer pathways in vivo, and have favorable pharmacological properties, underscoring the potential use of small-molecule EBNA1 inhibitors in a multitude of EBV-driven malignancies. We propose that the mechanism of action for the EBNA1 inhibitors described in this study is through the disruption of stable EBNA1 DNA binding. Superimposing the crystal structures of EBNA1 bound to inhibitors with the crystal structure of EBNA1 bound to DNA indicated that the carboxylic acid sterically interferes with DNA phosphate contacts. However, the primary interaction site 2 on EBNA1 is in a pocket adjacent to the main DNA interaction interface. The inhibitor binding site 2 on EBNA1 is centered around Thr 590 and Asn
519
, suggesting that inhibitors have allosteric effects on the EBNA1 N-terminal domain conformation associated with DNA binding. The change in N-terminal arm conformation is predicted from comparison of crystal structures of the apo and DNA-bound forms of EBNA1 (12, 13) . This allosteric effect, which needs further biophysical confirmation, would explain how the EBNA1 inhibitors compete with higher-affinity DNA binding.
EBNA1 inhibitors were found to selectively block growth of EBV-positive cells in tissue culture and tumors in vivo. The most pronounced effect of EBNA1 inhibitors was on the rate of cell proliferation as measured by BrdU incorporation and metabolism as measured by resazurin assay. Long-term treatment revealed a reduction in viral DNA copy number and viral gene expression, as well as numerous changes in cellular gene expression correlating to pathways linked to apoptosis and cell cycle. Previous studies have shown that short-term short hairpin RNA (shRNA) depletion of EBNA1 leads to a similar block to cellular proliferation (27) . EBNA1 is known to bind to the EBV genome to regulate expression of viral genes, such as EBNA2 and LMP1, both of which are essential for B cell immortalization (7, 28) . EBNA1 can also bind and regulate host genes that have critical functions in cell viability and have been implicated in tumorigenesis (7, 27) . EBNA1 has additional activities, such as disruption of promyelocytic leukemia (PML) nuclear bodies and interactions with USP7 (11, 29, 30) , that may contribute to its oncogenic functions, but it is unlikely that inhibitors of EBNA1 DNA binding affect these pathways. EBNA1 inhibitors led to the gradual loss of EBV DNA copy number, similar to that observed after chronic treatment with hydroxyurea (31, 32) . Inhibition of EBNA1 DNA binding may function in a similar manner to hydroxyurea in preventing EBNA1 episome maintenance function but provides a more selective way to inhibit EBV-driven cellular proliferation and tumorigenesis.
There are several limitations to our findings. First, we do not fully understand the mechanism of action of EBNA1 inhibitors. Our results are consistent with the hypothesis that EBNA1 inhibitors block DNA binding, resulting in a reduction of EBV copy number and a decrease in host cell viability, but the mechanistic details remain to be elucidated. Second, as in many other cancer studies, we use xenograft studies in immunocompromised mice to assess the in vivo efficacy of EBNA1 inhibitors. Xenograft studies often fail to represent the diversity and local tumor microenvironment of clinical disease. We offset some of these limitations by testing EBNA1 inhibitors using four different implanted cell lines, including two patient-derived tumor lines. These tumor/cell lines vary with respect to their origin, cell type, genetic background, latency program, and host mouse strain. Last, EBNA1 inhibitors appear to have an excellent safety profile, but a more comprehensive battery of in vitro and in vivo pharmacology studies, including genotoxicity and safety studies, is needed.
Long-term treatment of cells and tumors with EBNA1 inhibitors showed only modest signs of drug resistance. Cells derived from tumors treated for 1 month in vivo and 8 weeks in culture continued to respond to EBNA1 inhibitors as measured by proliferative index and metabolic activity. The amino acids comprising site 2 show no evidence for naturally occurring polymorphisms despite several other polymorphisms in EBNA1 DBD surface amino acids (33, 34) . EBV tumors rarely lose EBV DNA and EBNA1 protein in vivo, and only one Burkitt LCL can be cured of EBV latency after prolonged treatment with hydroxyurea (31) . This suggests that most EBV tumors and cell lines are highly dependent on EBNA1 and EBV 
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episomes. The potential evolution of tumors to escape EBV dependence is plausible, and combinational therapies are likely to be required to prevent bypass mechanisms. We found that EBNA1 inhibitors are more efficacious in combination with radiation or cisplatin in treating NPC PDXs. Thus, EBNA1 inhibitors are likely to provide a clinical opportunity for early-stage monotherapy and late-stage combinatorial therapies to treat EBV-associated diseases.
MATERIALS AND METHODS
Study design
For animal studies To determine sample size of the efficacy studies, we used power analysis to identify the number of animals required to obtain statistically significant results based on P values, using preliminary data generated in the C666-1 model. The analysis accounted for the possible death of animals from causes not related to the study while at the same time reducing the total number of animals required. We performed pilot studies to provide estimates of the means and SDs required for a precise power calculation to indicate the likely response. To ensure the stringency of our blinded studies in the M14 lymphoma model, we used 10 mice per group. As we accumulated more data regarding the SD of the size of the tumors and average difference between the control and treated animals, we reassessed the number of animals to be used in later experiments. Accordingly, we brought the number of animals per group down to six animals per group to reach statistical significance for the NPC tumor models (C15-PDX and C17-PDX).
Data exclusions
Experiments with failed controls were excluded from consideration. Otherwise, all data were included. 
Randomization
For C666-1 and A549 experiments, tumor-bearing mice were randomized into different treatment groups (n = 8) when the average tumor volume reached about 100 to 200 mm 3 . For C15-and C17-PDX experiments, tumors were measured 6 days after engraftment, and mice were grouped (n = 6 per group) so that the average tumor size was equivalent between groups. For M14 LCL experiments, tumors were measured by IVIS bioluminescent imaging 5 days after implantation, and mice were grouped (n = 10 per group) so that the average tumor size as measured by flux (photons/s) was equivalent across groups. After the mice were distributed into groups of 10, the investigators were blinded regarding which treatment (vehicle, VK-1850, or VK-1727) they were administering to the mice until after the study was completed, and all data points were collected and analyzed. Blinding Investigators were blinded to group allocation (vehicle versus EBNA1 inhibitors) while treating, imaging, weighing, and collecting tumor measurements for animal studies using the M14 LCL model.
EBNA1 DBD expression and purification
Residues 468 to 607 of B95.8 EBNA1 DBD were cloned into a modified pETDuet vector containing the SMT3 gene, which encodes the yeast small ubiquitin-like modifier (SUMO) protein. The hexahistidine and SUMO protein tag were fused to the N terminus of the EBNA1 protein. Escherichia coli BL21(DE3) cells were transformed with plasmid, grown in the presence of ampicillin (100 g/ml), and induced via autoinduction. Cell pellets were resuspended in 20 mM tris (pH 8.5), 1 M NaCl, 5 mM -mercaptoethanol, 1 mM MgCl 2 , 5 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, and lysozyme (10 mg/ml). Cells were lysed by sonication at 4°C, and the insoluble fraction was separated by centrifugation at 18,000 rpm (SS-24 Sorvall) for 30 min. The soluble fraction was passed over preequilibrated Ni-NTA (nitrilotriacetic acid) resin (Qiagen) and washed with 20 mM tris (pH 8.5), 1 M NaCl, 5 mM -mercaptoethanol, and 30 mM imidazole. Protein was batch eluted with 20 mM tris (pH 8.5), 1 M NaCl, 5 mM -mercaptoethanol, and 300 mM imidazole. The protein was then concentrated and purified using a size exclusion column (HiLoad 26/60 Superdex 75; GE Life Sciences) pre-equilibrated with 20 mM tris (pH 8.5), 1 M NaCl, and 5 mM -mercaptoethanol. This step also removed the imidazole. Fractions were collected, pooled, and incubated with His-SUMO1 protease (purified in-house). After cleavage, the mixture was passed over pre-equilibrated Ni-NTA resin and the flow-through was collected (His-SUMO, His-SUMO protease, and uncleaved fusion protein bound to the Ni-NTA resin). Cleaved EBNA1 was concentrated and purified using a size exclusion column (HiLoad 26/60 Superdex 75; GE Life Sciences) equilibrated with 1 mM Hepes (pH 7.2), 500 mM NaCl, and 10 mM dithiothreitol (DTT). Fractions were run on a bis-tris polyacrylamide gel to verify size and purity. Last, protein was pooled, concentrated to 10 to 20 mg/ml, aliquoted, and frozen at −80°C for long-term storage.
Crystallization, data collection, and analysis
Crystals were grown using the vapor diffusion method in 24 to 48 hours using purified EBNA1 (468 to 607) mixed 2 l:2 l with reservoir solution [50 mM MES (pH 6.5), 0 to 150 mM NaCl, and 10 mM DTT]. Crystals were transferred to a solution containing 25 to 30% glycerol and 0.2 l of 50 mM pooled fragments and incubated for 4 to 8 hours. One hundred fragments were pooled in 20 different pools of five fragments each to maximize the likelihood of deconvolution. Data were collected on the X29 and X25 beamline at the National Synchrotron Light Source at Brookhaven National Laboratory (Upton, NY). Data were indexed, reduced, and scaled using HKL-3000. The structures were solved by isomorphous replacement. Models were refined in PHENIX using simulated annealing, minimization, and individual B-factor refinement. Between refinement cycles, the model was manually rebuilt using the program Coot. Data collection and refinement statistics are summarized in table S1.
ALPHA assay
An assay buffer of 25 mM tris (pH 7.5) (Fisher), 200 mM NaCl (Fisher), 1 mM MgCl 2 (Fisher), 0.01% CHAPS (Sigma-Aldrich), and 5 mM -mercaptoethanol (Bio-Rad) was prepared. For EBNA1, 36 nM His-tagged protein (expressed and purified to >95% homogeneity) was incubated with Ni chelate acceptor beads (24 g/ml) (PerkinElmer). Separately, 1.2 nM EBNA1 hairpin biotinylated DNA (5′-BtTGGGTAGCATATGCTATCTAGATAGCATATGCTAC-CC-3′) (Integrated DNA Technologies) was incubated with streptavidin donor beads (24 g/ml) (PerkinElmer) for 30 min at room temperature. In a 384-well microplate and under green light, 5 l of protein/acceptor bead mix and 5 l of DNA/donor bead mix were combined together in each well. Next, 150 nl of DMSO (Fisher Scientific)-dissolved compound was resuspended in 5 l of assay buffer and then transferred into the wells. On the plate, columns 1, 2, 23, and 24 served as controls. The reaction mixture for columns 1 and 23 lacked DNA (negative control), and the reaction mixtures for columns 2 and 24 lacked compound (positive control). Plates were incubated in the dark for 1.5 to 2 hours, and then emission was measured (excitation, 680 nm; emission, 570 nm) using an EnVision XCite multilabel reader (PerkinElmer). For the LANA counterscreen, the assay was repeated using 45 nM His-tagged LANA protein (expressed and purified to >95% homogeneity) and 2.5 nM biotinylated DNA (5′-BtTCGGCCCCATGCCCGGGCGGGAGGCGCGCCTC-CCGCCCGGGCATGGGGCCG-3′) (Integrated DNA Technologies).
HTRF assay
An assay buffer of 25 mM tris (pH 7.5), 200 mM NaCl, 1 mM MgCl 2 , 0.01% CHAPS, and 5 mM -mercaptoethanol was prepared. For EBNA1, 12 nM protein was incubated with anti-His d2 (225 ng/ml) (Cisbio). Separately, 1.2 nM EBNA1 hairpin DNA (described above) and sonicated salmon sperm DNA (12 g/ml) were incubated with streptavidin-Tb (9.6 ng/ml) (Cisbio) for 30 min at room temperature. In a 384-well microplate, 5 l of protein/anti-His d2 mix was added to each well. Similarly, 5 l of DNA/streptavidin-Tb mix was added to each well. Then, 150 nl of DMSO-dissolved compound was resuspended in 5 l of assay buffer and transferred into the wells. Similar to the ALPHA assay, columns 1, 2, 23, and 24 served as negative and positive controls. The reaction mixture for columns 1 and 23 lacked DNA (negative control), and the reaction mixtures for columns 2 and 24 lacked compound (positive control). Plates were incubated at room temperature for 1.5 to 2 hours and then measured with an EnVision XCite multilabel reader (PerkinElmer) using the ratiometric method (excitation, 335 nm; ratio of emission, 620 and 665 nm) according to the manufacturer's protocol (Cisbio). For the LANA counterscreen, the assay was repeated using 30 nM protein, 4.5 nM LANA hairpin DNA (described above), and sonicated salmon sperm DNA (36 g/ml).
Heteronuclear single-quantum coherence nuclear magnetic resonance
To obtain 15 N-labeled protein, bacterial cells harboring the His-SUMO-EBNA1 (459 to 607) plasmid were grown in the presence of 15 NH 4 Cl, vitamins, glucose, trace elements, and minimal M9 medium and induced by autoinduction as described above. Protein was purified as described above. 2D and 3D spectra were collected on 50 M 15 N-labeled EBNA1 protein sample using a 500-MHz Avance III Bruker NMR spectrometer with a cryoprobe. Additional HSQC spectra were collected with ligand additions of [50 M] resuspended in deuterated DMSO-d 5 . The spectra were overlaid, and the magnitude and specificity of the chemical shift perturbations were examined.
Surface plasmon resonance
Primary amine coupling of wild-type (EBV strain B95-8) EBNA1 DBD to a C5 Biacore sensor chip (GE Healthcare Life Sciences) had greatly reduced DNA activity (likely due to coupling of lysine residues that are important for DNA binding). As an alternative, we developed a thiol coupling method to immobilize EBNA1 on the Biacore sensor chip. We synthesized a construct that expressed a version of EBNA1 DBD (459 to 607) with the internal cysteines mutated to serine and Cys-Ala-Cys added to the C terminus. This version of EBNA1 DBD (EBNA1-CAC) was coupled to the C5 Biacore sensor chip [500 to 2000 response units (RUs)] and was confirmed to be capable of binding DNA. Binding between EBNA1 (0 to 200 nM) and compounds was performed in a buffer containing 50 mM tris (pH 7.5), 200 mM NaCl, 5 mM MgCl 2 , 0.05% P20 surfactant, and 5% DMSO. Compound concentrations were run in random order on Biacore T200. Regeneration of the surface was ensured between binding events by washing with 50 mM tris (pH 7.5) and 1 M NaCl to remove all compounds. One cycle consisted of 60-s stabilization, 120-s injection, 90-s dissociation, and 60-s regeneration. Flow rate was constant at 30 l/min. Resulting sensorgrams were used to obtain a K d plot. Inhibitor binding to EBNA was fit for K d (nM), R max , and  2 using the Biacore T200 Evaluation Software (GE Healthcare Life Sciences).  2 less than 10% of R max was deemed an acceptable dataset.
Isothermal titration calorimetry
For ITC experiments, 23.9 M EBNA1 (468 to 607), dialyzed into a solution of 20 mM Hepes (pH 7.5), 250 mM NaCl, and 5 mM -mercaptoethanol, was injected into the sample cell. The EBNA1 inhibitor VK-1248 was lyophilized and resuspended in the same dialysis buffer at a final concentration of 25 mM. Fifteen 2.5-l injections containing DMSO and VK-1248 were titrated in an iTC200 instrument (Malvern Instruments) at 25°C to obtain a raw thermogram. The binding isotherm was calculated from the integrated thermogram fit using the one-site model in the Origin software. From the Origin software, using the one site binding model, n = 1.10 ± 0.06, K D = 1.4 ± 3.0 M, H = −31.5 ± 2.3 kcal/mol, and S = 6.7 cal/mol per degree. C NMR spectra were obtained on a Varian Mercury NMR at 300 and 75 MHz, respectively. Purity (%) and mass spectral data were determined with a Waters Alliance 2695 high-performance liquid chromatography-mass spectrometer (HPLC-MS) (Waters Symmetry C18, 4.6 × 75 mm, 3.5 m) with a 2996 diode array detector from 210 to 400 nm equipped with a Micromass ZQ mass spectrometer and an electrospray ionization detector. High-resolution mass spectrometry (HRMS) analysis was carried out at the University of Notre Dame Mass Spectrometry and Proteomics Facility using a Bruker micrOTOF II. Preparative HPLC purifications were performed on a Gilson preparative HPLC with a Phenomenex Luna 5 m C18 column, 150 × 21.2 mm, using a gradient of 5 to 95% acetonitrile in water (with 0.1% trifluoroacetic acid) over 15 min. Methods of chemical synthesis are described in the Supplementary Materials.
Cell-based assays
Resazurin cell respiration assay Cells were plated at 1000 cells (in 50 l) per well in a 384-well plate. Inhibitors were added 24 hours later over a 10-point concentration range with twofold dilutions (0.1953 to 100 M). As positive and negative controls, cells in columns 1 and 23 were treated with DMSO alone (0.4%) and columns 2 and 24 were treated with puromycin (20 g/ml). After 72 hours, resazurin (5 l, final 50 M) was added to each well. After 6 hours, plates were read on a PerkinElmer EnVision XCite multilabel plate reader (excitation, 560 nM; emission, 590 nM). Plasmid replication HeLa, 293T, or SUNE1 (~1 × 10 6 cells) were plated in 10-cm dishes. Twenty-four hours later, cells in Dulbecco's minimum essential medium (1 to 10% fetal bovine serum) were transfected with Lipofectamine 2000 (12 l; Invitrogen) and 4 g of OriP plasmids expressing either FLAG-B95-8 EBNA or HA-B95-8 EBNA1. About 5 hours after transfection, fresh medium containing compound (10 to 15 M) was added. Forty-eight hours after transfection, cells were split into 15-cm dishes with fresh compound and then harvested at 72 hours after transfection for both episomal DNA and protein. Episomal DNA was extracted by Hirt lysis (35) . The DNA pellets were dissolved in 150 l of H 2 O or 10 mM tris-HCl and 1 mM EDTA buffer (pH 7.6), and 15 l was subjected to restriction digestion with Bam HI alone, whereas 135 l was subjected to Bam HI and Dpn I digestion overnight at 37°C. Pure DNA was extracted with phenol/chloroform (1:1), precipitated, electrophoresed on a 0.9% agarose gel, and transferred to a nylon membrane (PerkinElmer) for Southern blotting. Blots were visualized and quantified using a Typhoon 9410 phosphorimager (GE Healthcare). BrdU proliferation assay Cells were plated at 5 × 10 4 per well (in 200 l) in a 96-well plate and treated with DMSO alone (0.4%), VK-1727 (0.25 or 2.5 M), or VK-1850 (0.25 or 2.5 M). At 24 and 48 hours after treatment, the plates were centrifuged at 1000 rpm for 5 min, and the medium was carefully aspirated and replaced with fresh medium containing DMSO alone or EBNA1 inhibitor at the appropriate concentration. After 72 hours, a BrdU cell proliferation assay was performed according to the manufacturer's instructions (CytoSelect BrdU Cell Proliferation ELISA Kit, Cell Biolabs Inc.). Briefly, 10 l of a 10× BrdU solution (100 M BrdU) was added to each well, and plates were incubated at 37°C. Three hours later, cells were centrifuged at 1000 rpm for 5 min, washed thrice with 100 l of phosphate-buffered saline (PBS), and treated with fix/denature solution. Cells were subsequently incubated with 100 l of anti-BrdU antibody for 1 hour. Cells were washed thrice in 1× wash buffer, and after incubation with a secondary HRP-conjugated antibody, a substrate solution was applied. Plates were read on a PerkinElmer EnVision XCite multilabel plate reader (absorbance, 450 nm). ChIP assay EBV-positive C666-1 cells were treated with indicated compounds at 30 M for indicated times, and medium with compounds was changed every 24 hours. Formaldehyde was used to cross-link the proteins to the DNA, and the cross-linking was stopped with glycine. Cells were washed three times with cold PBS and resuspended in ChIP lysis buffer. Sonication was used to shear DNA to lengths between 500 and 1000 base pairs by using a Branson Bioruptor. A rabbit anti-EBNA1 antibody (2 g per reaction) was used in immunoprecipitation. After washing, eluting, and decrosslinking, DNA was precipitated and purified by using a Qiagen PCR (polymerase chain reaction) purification kit. Real-time quantitative PCR (ABI 7900HT Fast Real-Time PCR System; Applied Biosystems) was performed to quantitate two EBV loci (DS50 and Qp) and one cellular locus (PITPNB), which have been reported to associate with EBNA1 protein in vivo (2, 3) . OriLyt locus, which does not bind to EBNA1 protein in vivo, was used as a negative control. Primers are listed in table S2. EBV viral DNA copy number Viral loads were calculated by standard curve comparison with DNA from the Namalwa cell line (American Type Culture Collection), which contains two integrated copies of the EBV genome on chromosome 1, using primers for EBNA1 DNA sequence (table S2) (36) . bg N7purchased from Taconic. All mice were enrolled in their respective studies at 6 to 8 weeks of age and housed in micro-isolator cages in a designated, specific pathogen-free facility at either The Wistar Institute (Philadelphia, PA) or Anthem Biosciences (Bengaluru, Karnataka, India), where they were fed sterile food and water ad libitum. Mice were euthanized via CO 2 administration according to the American Association for Accreditation of Laboratory Animal Care (AAALAC) euthanasia guidelines.
Mouse studies Ethics statement
Tumor implantation, grouping, and equalization For cell line experiments (M14 LCL, C666-1, and A549), mice were anesthetized using isoflurane and engrafted with a cell suspension (>98% viability) of 1 × 10 6 M14 LCL, 5 × 10 6 C666-1, or 5 × 10 6 A549 cells resuspended in 1× PBS (pH 7.4) and mixed with 20% of cold Matrigel (Corning Life Sciences) and maintained on ice. Cells were injected subcutaneously into the flank of each animal using a 22-gauge needle. For C15-and C17-PDX experiments, mice were anesthetized and 4 × 10 mm 3 pieces of C15-PDX or C17-PDX tumors were surgically implanted subcutaneously as previously described (18) . Animals were weighed, monitored, and measured for palpable tumors and tumor growth daily. All tumors were measured by caliper, and tumor volume was calculated as follows: tumor volume = [length (L) × width (W) 2 ]/2. For C666-1 and A549 experiments, tumor-bearing mice were randomized into different treatment groups (n = 8) when the average tumor volume reached about 100 to 200 mm 3 . For C15-and C17-PDX experiments, tumors were measured 6 days after engraftment and mice were grouped (n = 6 per group) so that the average tumor size was equivalent between groups. For M14 LCL experiments, tumors were measured by IVIS bioluminescent imaging 5 days after implantation and mice were equalized (n = 10 per group) so that the average tumor size as measured by flux (photons/s) was equivalent across groups. After the mice were distributed into groups of 10, the investigators were blinded regarding which treatment (vehicle, VK-1850, or VK-1727) they were administering to the mice until after the study was completed and all data points were collected and analyzed.
Compound formulation and treatment schedules
Compounds were weighed and transferred to graduated tubes, and formulation reagents were added slowly dropwise in the following order: 3.5% Tween 80 (Sigma), 5% dimethylacetamide (Sigma), 20% PEG400 (polyethylene glycol, molecular weight 400) (Sigma), 20% propylene glycol, 35% PBS, and 16.5% water. The vehicle control contained formulation reagents without the compounds. Formulated compounds were filter-sterilized and administered intraperitoneally twice daily at 10 to 40 mg/kg in a dose volume of 10 ml/kg body weight. Visualization and quantitation of M14 LCL (Luc + ) tumor growth using the Xenogen IVIS Bioluminescent Imaging System Mice were intraperitoneally injected with luciferin (Gold Biotechnology) at a dose of 15 mg/kg in a dose volume of 10 ml/kg body weight 15 min before imaging; this was the optimal interval between luciferase injection and bioluminescent imaging determined by photon flux. Mice were anesthetized using isoflurane before imaging, which was performed twice per week. Flux (photons/s) and radiance (photons s −1 cm −2 ) were determined using the IVIS imaging software.
Combination drug and radiation treatment
For radiation studies, mice were implanted with C17-PDX as described and treated every 7 days with a sublethal dose (4 Gy) administered using a traditional cesium-137 source. For studies involving other drugs, mice were implanted with C15-PDX as described. 5-FU (Sigma-Aldrich), olaparib (O-9201; LC Laboratories), and VK-1850 were weighed and transferred to graduated tubes, and formulation reagents were added slowly dropwise in the following order: 3.5% Tween 80 (Sigma), 5% dimethylacetamide (Sigma), 20% PEG400 (Sigma), 20% propylene glycol, 35% PBS, and 16.5% water. Formulated compounds were filter-sterilized. VK-1850 was administered intraperitoneally twice daily; olaparib (20 mg/kg) was administered intraperitoneally once daily; 5-FU (20 mg/kg) was administered intraperitoneally once weekly. Idelalisib (I-7447; LC Laboratories) was weighed, transferred to a graduated tube, and formulated with 2.5% Tween 80 (Sigma) and 97.5% of a 0.5% carboxymethyl cellulose solution and administered orally once daily at a concentration of 30 mg/kg in a dose volume of 10 ml/kg body weight. The vehicle control consisted of formulation reagents without compound. All animals receiving drugs administered intraperitoneally also received the oral vehicle formulation once daily; animals treated with idelalisib also received the intraperitoneal vehicle formulation twice daily. Gene expression analysis (NanoString) C15-PDX tumor sections were flash-frozen, and later, RNA was isolated using the RNeasy Mini Kit (Qiagen) and treated with deoxyribonuclease (Qiagen). Gene expression analysis and data processing were performed in the nCounter system according to the manufacturer's instructions and nSolver 3.0 software (NanoString Technologies). The human nCounter PanCancer Pathways Panel was used and supplemented with a codeset designed to detect 30 , and LMP2A/terminal proteins). Data were normalized using housekeeping genes selected by the nSolver 3.0 software (EIF2B4, HDAC3, SF3AC, AGK, and USP39). Epstein-Barr-encoded RNA in situ hybridization Tumor sections were fixed in neutral buffered formalin solution (10%: Sigma) overnight at room temperature before paraffin embedding. The EBER-ISH assay was performed using the EBER PNA Probe/Fluorescein and the One-Day In Situ Hybridization Procedure for RNA Detection Using PNA Probes, per the manufacturer's instructions (Dako).
Statistical analysis
For high-throughput biochemical and cell-based assays, percent inhibition was calculated for each inhibitor using an average of the positive and negative control columns as the high and low values, respectively, as follows: Percent inhibition = [1 − (N − Low)/(High − Low)] × 100%, where N is the average value for each inhibitor, Low is puromycin-treated, and High is no treatment. Plate uniformity and reproducibility were assessed, and plate performance characteristics were calculated (Z-score, minimum significant ratio, limits of agreement). IC 50 /EC 50 values were calculated by Dotmatics using a relative four-parameter logistic model corresponding to a response midway between the estimates of the lower and upper plateaus. Statistics for Figs. 2 to 4 and figs. S7 and S8 were performed in GraphPad Prism 6. For ChIP, BrdU incorporation, plasmid replication assays, and animal studies, P values were determined by two-tailed Student's t test for three experimental or biological replicates. Software NanoString data were analyzed using the nSolver 3.0 package. Table S1 . Data collection and refinement statistics of EBNA1 cocrystal structures. Table S2 . Primers for quantitative PCR DNA copy and ChIP assay. Data file S1. Original data for 
